The vacuum wave-lengths of thirty-one lines in the arc spectrum of krypton have beefi com pared directly with the red cadmium standard using a reflecting echelon in vacuum. U n certainties connected w ith the dispersion of normal air and the specification of the laboratory air used have thereby been eliminated. E stim ates of uncertainty suggest th a t there is justification in expressing the values to eight significant figures.
I n t r o d u c t i o n
The most precise wave-length measurements require direct comparison with the cadmium red line, the spectroscopic standard of wave-length. I t is not always con venient to refer directly to the primary standard, and the Committee of the In ter national Astronomical Union has therefore specified certain secondary standards based upon the work of a number of independent investigators. These wave-lengths are distributed throughout the spectrum and are required to the highest possible precision. The Fabry-Perot interferometer has been most widely used for this work, but it is generally accepted th at the uncertainty in vacuum wave-lengths is greater than th at associated with corresponding air wave-lengths. Since such determinations are made with air between the Fabry-Perot plates, the additional uncertainty can be attributed partly to difficulties in the specification of laboratory air (temperature, humidity, carbon dioxide concentration, etc.) and to errors in the generally accepted dispersion values for 'normal a ir'. These are most evident when comparison is extended over a large wave-length interval, such as would prevail if violet and u ltra violet lines were being compared with the cadmium red standard.
The development of the reflecting echelon grating by Williams (1933) provided an alternative method of precision measurement, and since it is quite easy to work with* the grating enclosed in an evacuated chamber, direct comparisons of vacuum wave-lengths became possible, thus eliminating the two uncertainties relating to the condition and dispersion values of laboratory air. The method has already been used by Williams & Middleton (1939) to determine vacuum wave-lengths of some 47 lines in the iron spectrum, and by Drinkwater, Richardson & Williams (1940) to determine the wave numbers of the main lines of Ha and Da and thereby obtain values for the Rydberg constant. Like these, the present work was undertaken to test the suitability of the reflecting echelon for such work and at the same time determine some hew values for vacuum wave-lengths in the krypton arc spectrum.
The work of Meggers, Bruin & Humphreys (1929) showed th at many of the lines in the krypton arc spectrum might provide satisfactory secondary standards. The first interferometer work is due to Buisson & Fabry (1913) who used a Fabry-Perot
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interferometer to determine AA 5570 and 6871 A. Since then several other investiga tions have been made all using Fabry-Perot interferometers with gaps as large as 10 cm. and for some of which uncertainties of only 0-0001A are claimed.
A p p a r a t u s Full details of the general optical arrangements have been given (Williams 1933) . Briefly the echelon mounting (carrying slit, lens, and echelon enclosed in its pressure chamber) is capable of being coupled to a spectrograph so th a t the axes of the two units are at right angles. Light from the echelon slit (figure 1) is reflected by the prism P and, since Sx lies in the focal plane of the echelon lens L, a paral light passes through the quartz window W of the echelon chamber and falls upon the echelon E and the reference mirrors A frontal view (figure 1) looking into the quartz window shows the echelon steps and the two reference mirrors Mx, M2. The reflected beam returns through the echelon lens L, and passing just above the prism P , is focused upoh the spectrograph slit Two images of the slit Sx are formed by reflexion from the mirrors Mx, M2 together with a diffraction pattern depending upon the structure of the light used. The echelon used in the present work differed from th at used by Williams (1939 Williams ( , 1940 in that it consisted of 35 instead of 40 steps each approximately 5-999 mm. instead of 6-87 mm. thick. The fringes were focused by a special objective of focal length 164 cm. upon the slit of a Hilger E l quartz spectrograph. The echelon slit and steps were used in the horizontal position throughout, so th at the dispersions of the echelon and spectrograph were crossed. Thus, on being dispersed by the spectrograph, two mirror images and two diffraction fringes corresponding to consecutive orders appear for each wave-length (figure 2). In special cases only one order appears, and Fa of A3 is an example of the single order position. The lengths of the fringes were governed by the width of the spectrograph slit and the choice was dictated by measuring requirements (0-5 mm. was found to be convenient). The choice of echelon slit width, on the other hand, was governed by considerations of lens and echelon resolution and exposure times. The optimum value was determined experimentally by comparing photographs of a water-cooled mercury arc for a series of slit widths-0*025 mm. was found to be a convenient value and has been used in most of the work.
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FiOure 2 W ith the above arrangement the echelon slit cannot he on the echelon axis and the echelon lens was therefore adjusted so that its axis bisected the angle between the echelon axis and the echelon slit-lens axis. This adjustment implies that, when the echelon slit is used in either of the other two positions with the dispersion horizontal (i.e. steps vertical), readjustment of the lens axis is desirable.
The Hilger E 1 spectrograph uses a single lens objective and therefore the fight falling upon the prism is only strictly parallel for one wave-length. Moreover, the design of the instrument involves working off the axis of the lens and such conditions lead to astigmatism. Normally this does not affect the working of the spectrograph, since it is adjusted and always used with a vertical slit. When, however, it was used in conjunction with the echelon, whose slit was horizontal, it was found necessary to focus the image in a plane 2 mm. in front of the slit for the region AA 8000-4000 A. This difficulty does not arise when the fringes are vertical and the dispersions of the echelon and spectrograph are parallel.
The order separation for the cadmium red standard was determined directly, but, since it was near the single order position, an indirect determination was preferred. The mercury fine A 5461 A was photographed using a water-cooled mercury arc, and as this fine has a number of very narrow satellites, the envelope effect is likely to be negligibly small. Moreover, the absence of envelope effect was confirmed by measuring the order separations at a number of different air pressures in the echelon chamber, so th a t their positions changed from double order to almost single order. The value obtained for the cadmium red standard was 0*1062 cm.
A consideration of temperature and pressure tolerances indicates th at these should not vary by more than 0*1° C and 0*1 mm. of mercury. I t will be seen later how the procedure adopted provided a further check on these.
The cadmium red line was excited in a hot Schuler tube at 100-125 mA with helium a t a pressure of 1 mm. of mercury. Such conditions enabled the red cadmium stan dard to be photographed in 10-20 min. on an Ilford rapid process panchromatic plate with a slit width of 0*025 mm. An Osram cadmium lamp was also available, but satisfactory exposures required l |-2 hr. and therefore the Schuler tube was preferred throughout.
Results are based upon photographs from three krypton discharge tubes. One, used in the ' side-on ' position, had krypton at a pressure of 1*8 mm. of mercury and was excited by a 3000 V transformer at about 20 mA. The other two tubes were used 'end-on', one small one at 3000 V a.c. and 5mA, and the other at 2000 V d.c. and 15mA. Exposures varied from as little as 1 min. with the large tube used 'end-on' to 4 hr. with the first tube used ' side-on ' on Ilford rapid process panchromatic plates.
In making a wave-length comparison two photographs of the cadmium standard were taken, followed by a suitable range of krypton exposures, and finally two further exposures with the cadmium standard. During the whole of this period the temperature and pressure were maintained constant within 0*1° C and 0*1 mm. of mercury. Measurement of the cadmium fringe system before and after the krypton exposure provided an optical check on these and upon the stability of the two reference mirrors.
B a s ic c o n s i d e r a t i o n s
In the present work a vacuum wave-length standard Avac = 6440*2491 A is used which has been obtained from the spectroscopic standard AaIr = 6438*4696 A and the refractive index of 'normal a ir' 1*000,276,38 at this wave-length, resulting from the work of Barrell & Sears (1939) . The dispersion formula given in the latter work for pure air at 15° C and 760 mm. of mercury reduces to The carbon dioxide correction is sufficiently small to render the use of a combined formula permissible, although it uses vacuum wave-lengths while Perreau's refers to air wave-lengths.
I t has already been described how the two fringes and two mirror images appear for each wave-length upon the photographic plate. Before dispersion, the mirror image R on the spectrograph slit is identical for all wave-lengths, and together with the centre of the echelon lens specifies a direction parallel to which light diffracted by the echelon has a constant p^th difference
In general the order of interference for R is an integer m plus a fraction / such th at (ml+fl)^l = On2+ / 2)A2 = (W3+ / 3)A3 = 2
The positions F, F' of fringes on the spectrograph slit correspond to directions for which the orders of interference are successive integers m , m -1. The fringes are more widely separated for greater wave-lengths so th at on dispersion by the spectro graph Fx Fx > F2F 2> F4 F 4, since Ax > A2 > A4 (figure 2). The integer m is already know approximately from micrometer measurements of plate thickness t, and the approxi mate wave-length, while the fractional parts are known accurately from measurements of photographs since f x = R 1F1/FXF lengths (A3) near the single order position, in which only one fringe appears, it is first necessary to calculate the order separation by the equation
FSF^ = F1F'x.A3.R 3R'JXx.R 1R'v
In such cases a second mirror image R' is required and, together with R, measures the spectrograph magnification. In the present work this procedure is preferred for all lines irrespective of whether or not they are near the single order position. The order separation for the primary standard is used since it is known with least uncertainty. The exact orders of interference for A2, A3 are calculated for a range of integers about mx, and a value for mx is finally chosen which for A2, A3 gives fractional parts most nearly equal to / 2, / 3 respectively. Thus 2 is known accurately and other wave-lengths A4 are calculated from A4 = 2£/(m4+ / 4) provided A4 is already known with sufficient accuracy to enable m4 to be calculated without ambiguity.
The above method of calculating results assumes th a t the dispersion of the reflecting echelon is linear, but this is only strictly true when consideration is restricted to first order terms. Investigation shows th at when second order terms are taken into account, the departure from linearity is unlikely to affect results by more than 0-0001A for the echelon used in the present work.
Williams & Middleton (1939) have shown th a t the resolving power of a reflecting echelon expressed in wave-numbers is independent of wave-length and equal to 1 12 Ntcm.-1, where t is the thickness of the plate in cm. and N is the number of plates. For the present instrument this gives 0-0238 cm.-1 representing 0-0060 A at A 5000 A.
Krypton vacuum wave-length measurements R e s u l t s
Results given in table 1 are classified in three groups A, B and C. A are based upon six independent comparisons using each of the three available krypton tubes; B are obtained from three comparisons using a single tube; while C are taken from only two comparisons and tend to be under-exposed. Columns 2 and 3 give vacuum wave-lengths and wave-numbers referred to a cadmium vacuum standard 6440-2491 A without reference to the dispersion formula for air. In column 4 the corresponding wave-lengths in 'normal a ir' have been calculated by a dispersion formula obtained by combining the Barrell and Sears formula for pure air with Perreau's formula for carbon dioxide. The wave-lengths recommended by the International Astronomical Union are recorded in column 5 and differences are given in the next column. Where I.A.U. values are not available, Jackson's (1936) have been used and are marked (J) accordingly.
The values obtained are generally higher than those recommended by the I.A.U., particularly in the violet, the mean difference for all the wave-lengths being 0-0014 A. This difference, however, almost disappears when the dispersion formulae due to Rosters & Lampe (1934 ) or Perard (1934 are employed, the mean difference being only 0-00016 A in the former case. Presumably one of these formulae was used in calculating the I.A.U. wave-lengths. An assessment of the accuracy of the work has been attem pted by three methods, but only one of these is applicable to B and C class values. I t will be appreciated, however, th at the performance of the reflecting echelon should be judged on the basis of A class results, for which all three methods are available.
Each plate, having a separate cadmium standard, can be regarded as an indepen dent comparison, and the standard deviation of all lines from their respective means provides an indication of the uncertainty. For ten lines, each appearing on six different plates, the standard deviation is + 0-0005 A.
Of the lines measured, seven terminate at the 4level and eight at the IS 5 level, and six estimates of the separation of the / $ 4 and levels are possible. Assuming rigid accuracy of the Ritz combination principle, this provides a useful check on the uncertainty of the wave-lengths involved. The mean inter-level difference is 945-025 cm.-1 and the standard deviation of the mean is rather less than ± 0-002 cm.-1, which at A 5000 A corresponds to ± 0-0005 A. Moreover, the above estimate is based upon four B and one C class results; even better agreement is obtained when only A class results are used. The two differences, based entirely upon A class results, differ by 0-001 cm.-1 corresponding to only 0-0002 A for the particular wave-lengths concerned (AA 4275-4503 A). The third estimate was obtained by making all measurements in duplicate on separate occasions and the mean difference between the settings is 0-0002 cm. For the primary standard, measurements are made on at least two sets of fringes, so th a t this uncertainty is taken as +0-00005 cm. Analysis using the above results, and based on the constants and dimensions of the echelon used, lead to a final uncertainty in a single wave-length comparison of + 0-0005 A.
Estimates of uncertainty by the above three methods are thus in close agreement and the standard deviation may be set at ± 0-0005 A. As A class results are the mean of six comparisons the standard error is only + 0-0002 A, which implies that, if a number of further comparisons were made, 95 % of the values obtained would fall in the range + 0-0004 A about the mean values given. For B and C class results the standard error is placed at ± 0-0003 and ± 0-0005 A respectively, but for these only the first method of assessment is available.
H y p e r f i n e s t r u c t u r e Although krypton is a mixture of three isotopes, only one of these, with a relative abundance of 11'79 %, has odd mass number. As no splitting occurs due to nuclear spin with isotopes of even mass number, the total intensity of the components cannot exceed 12 % of the total intensity of the line. Of the krypton lines examined only A 5571A showed structure and this appeared as faint satellites on either side of the main component. As considerable over-exposure of the main component is necessary before the satellites appear, structure was only observed in the three photographs with the large tube used ' end-on ' and comparable exposures with the other tubes would have been inconveniently long. In measuring it was found most convenient to obtain the wave-length of each satellite by direct comparison with the cadmium standard, while the wave-length of the main component was deter mined from a more suitable exposure on the same plate. The structure in wave numbers is + 0 T 0 4 , 0, -0T09 for which the standard deviation is ±0-002 cm.-1. I t will be seen in table 3 th a t these values compare favourably with those of other workers, notably Jackson (1936) , Kopfermann & Wieth Knudsen (1933) and Humphreys (1931) .
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T a b l e 3 1 2 K o p fe rm a n n & The present work indicates th at a standard deviation of ± 0-0005 A is attainable with a reflecting echelon used in the manner recommended by Williams. Thus twenty-six independent comparisons would enable the standard error to be set at ±0-0001 A, the implication of which has already been described. This is perhaps not as good as that usually attributed to the most rehable work with a FabryPerot interferometer, although, of course, uncertainties connected with the dis persion of air are eliminated. It is therefore desirable to examine the possibility of increasing the reliability of comparisons with a reflecting echelon, and the experience gained suggests the lines along which such improvement might reasonably be achieved.
Since temperature and pressure affect successive orders equally, the order separation is substantially independent of temperature and pressure variations. It is, therefore, suggested that the order separation for the cadmium red standard might well be regarded as an instrumental constant from which all other order separations should be calculated as required-this procedure has been preferred in the present work.
Calculation of order separation involves a knowledge of the spectrograph magni fication and at present the two mirror images provide a convenient means of obtaining it. An uncertainty of ± 0-0002 cm. represents 0-1 % of the mirror image separation (~ 0-2 cm.). By making a separate magnification estimate (which need only be done in the first instance), using 2 cm. of the spectrograph slit, the un certainty could be reduced to only 0-01 %, and therefore ignored by comparison with other measuring errors. Analysis shows th at the uncertainty could then be reduced by 30 %, so that, taken in conjunction with the increased number of comparisons, the standard error becomes ± 0-00007 A, thereby enabling the fourth decimal place to be given with some confidence.
The above modification still requires a fixed reference line upon the spectrograph slit. This might conveniently be produced by partial reflexion from the quartz window attached to the front of the echelon mount, or illuminating a polished horizontal wire in the plane of the spectrograph slit, so th at the reference line and echelon fringe have comparable intensity. Thus fractional parts are still obtained by measuring the distance of a fringe from an image of a fixed point upon the spectrograph slit but, compared with the present method, only two-thirds of the number of settings would be required-an im portant consideration when extensive work is on hand.
The proposed method avoids a difficulty inherent to the echelon optical system, whereby different parts of the echelon lens are used by the echelon and the reference mirrors. Further, when rays are traced after the formation of the image upon the spectrograph slit, it is found th at rays from the echelon and reference mirrors use different parts of the spectrograph lens and prism. Thus the three sets of rays pursue rather different optical paths, although it is most desirable th at they should receive exactly similar treatment.
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